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I.  INTRODUCTION 

The detailed chemical steps Involved in solid propellent combustion are 
not well understood; thus probing of the gas phase region close to the burning 
surface (the reaction zone) can yield essential information for developing a 
detailed chemistry model. Both emission and absorption spectroscopy are well 
established non-intrusive probing techniques that can readily be used to 
identify and profile intermediate combustion products. In this paper the 
electronic transitions of the combustion diatomic radicals (OH, NH, CN, and 
CH) are investigated. 

The results reported here are an extension of work accomplished 
previously on the emission and absorption spectroscopy of H-30 propellent 
combustion. '  A prop^llant feed mechanism has been incorporated into the 
windowed strand burner to allow extended data accumulation times for the 
absorption studies on M-30 and other combusting propellents. In the past, 
propellent feed mechanisms * commonly used optical feedback systems to 
control the propellent position. These feedback systems were, at best, 
moderately successful depending on the surface burning and gas phase 
transmission characteristics of the propellent under study. The present 
configuration incorporates a manual adjustment for establishing a constant 
feed rate. The present studies also Include emission and absorption 
spectroscopy performed on a nitramlne propellent, HMX1. (The HHX1 propellent 
was provided by T. Edwards, AFAL, Edwards Air Force Base, CA.)  Both H-30 and 
HMK1 are composite propellents; that is, their primary component is 
crystalline (see Table 1). H-30 is a propellent used for long range artilleiy 
and HMX1 is a typical rocket propellent. 

Table I. Propellent Composition 

Composition Wt. % 

Nitroguanidine 
Nitrocellulose 
Nitroglycerin 
Ethyl Centralite 
Sodium Aluminum Fluoride 
HMC 
TMETN* 
Polyester Binder** 
Flame Temperature 

M-30 

47.7 
28.0 
22.5 
1.5 
0.3 

2423K (? 1.0 MPa 

HMX1 

2617K 

73 
17 
10 

@ 1.5 MPa 

*Trlmethylolethanetrinltrate 
**Basecl on polydlethylene glycol adipate 

Much has been written concerning the combustion mechanisms of propellents 
and a survey will not be attempted here; however, a brief generalized sketch 
of the gas phase chemistry might start with a double base propellent. It is 
believed that the initial gas phase reactants for double base, nitrocellulose- 
nitroglycerin (NC/NG) propellents are aldehydes and nitrogen dioxide.' »° 
These reactants then can react in various ways to eventually form final 
products. At moderate pressures these reactions are delayed by the slow 
conversion of NO to No« Physical evidence for this occurrence comes from the 



observation of a dark zone, a region where visible radiation is absent.    This 
region  Is  located  between the burning  surface  and  the visible  flame.     It 
decreases In extent  as  the pressure  is Increased.    M-30, on  the other hand, 
has a much smaller or no dark zone.    An obvious difference between M-30  and  a 
double base propellent Is the large amount of nltroguanidine present  in M-30 
(see  Table 1).    Nltroguanidine combustion may provide NHg species which can 
enhance the conversion of NO to No •      Detailed profiles of these species In 
conjunction with a chemical model may be able to explain this observation. 
Nltraralne propellant combustion Is also thought to occur with aldehydes and 
nitrogen dioxide as  Initial gas phase reactants.    Hydrogen cyanide and  nitrous 
oxide  are also  Included as initial  reactants.   ♦      Depending upon the 
composition of  the nitramine propellant dark zones may or may not be produced 
at moderate pressure.    Detailed chemical models have been produced  to describe 
both neat HMX    and  RW*   »**  combustion.    For  the RDX case there is some  recent 
experimental data12  for comparison.    The model  shows a good agreement with the 
data and  indicates  that the principal reaction in the flame zone of RDX 
burning  at 0.05  MPa  is  the oxidation of hydrogen cyanide with nitric oxide. 
These   types of models  produce  species and   temperature profiles  for  the gas 
phase  propellant  chemlFtry.    Part  of  the research goal here  is  to be  able  to 
obtain  profile data of  species  active in  the  combustion process  for comparison 
with and  validation of  these models. 

II.     BACKGROUND 

Solid  propellant  combustion chemistry has  been studied  for many years  and 
the  review articles  by Fifer,     Lengelle,    and Kubota    well  describe many of 
the  important contributions.    As  a background   for  the present  study the 
experimental  references will  be  primarily  to  Investigators  that  have employed 
uv-vislble spectroscopic  techniques.    Homogeneous double base  propellants have 
been  studied  with emission and  absorption  techniques. In  these  studies, 
black bo^y  temperature estimates,   line emission signals  from impurity metallic 
species  and a C-,   radical  species were  reported   for  the  final   flame  zone 
(explosion zone).    HettTogeneous  composite  propellants where  the oxldlzer  is 
ammonium  perchlorate  (.A")  or a nitramine (HMX-cyclotetramethylenetetra- 
nitramine,   and  RDX-cyclorrlmethylenetrlnitramlne)   have been  studied more 
extensively  in   the   recent   past.     Emission   intensity profiles  of  several 
chemically active   transient  species  have been  obtained   for  AP  and  nitramine 
propellants.     CM and  DH1   »^   profiles  were measured   for  both   types   of 
propellants.  whereas an NH profile   is  published  only  for a nitramine 
propellant.     ^       A composite  propellant,   M-30,   which  is  also   referred   to   as 
atriple   base  propellant,  has  recently been   investigated with  emission 
spectroscopy1   and   emission  intensity profiles   for NH,   CN,   and   OH  were 
reported.     These  emission studies  may not  give  a  true  representation of   the 
species   concentration;   that  is,   complete  equilibrium may not  be  achieved 
during   combustion,   hence   the excited   state   species  which emit   vlslble/uv 
radiation  are  not   necessarily equilibrated  with  respect  to   the  partitioning  of 
energy   in  their  electronic,  vlbrational,   and   rotational  energy  levels. 
Nonetheless,   there   is  such a  scarcity of  data  obtained   for  actual   propellant. 
combustion conditions (absolute  concentrations   are virtually  non-existent) 
that   emission  studies  provide much  of   the  experimental  data   base  on   transient 
species.     A number  of  lasor based   techniques  which optically  probe   the   region 
if   Interest  have  a  potenti.il   for  determining   absolute  concentrations.     Laser 
induced   fluorescence  (L1F)  measurements  have  been  published  which   illustrate 
fluorescence   Intensity  profiles  of   CN,15»20   NH,20  and OH,15,20   and   NC^21   in 



nltramine propellant combustion.  In nltramlne propellant combustion a gas 
phase temperature profile has been determined from probes of the rotational 
structure of OH with LIF/1  Coherent antl-Stokes Raman scattering (CARS) has 
been applied to a nltramlne propellant burning In room air.22 Recently CARS 
has been use^to probe a nltramlne propellant burning at 2 .3 MPa In a helium 
environment.   Simultaneous spectral signatures for HCN, CO, N,, and H, were 
obtained as a function of distance from the propellant surface. Here 
temperatures, as well as absolute concentrations of CO, H,. and N,, have been 
determined. '     * 

III. RXPERIMENTAL 

A windowed strand burner and the optical paths for both emission 
spectroscopy and video recordings are shown on Figure I. Since these 
measurements have been discussed previously,1»2 only a brief description will 
be given here. The camera system provides a real time display and a video 
recording of the propellant burn. This video Information can be used to 
trigger other parts of the experiment, determine propellant burn rates, and 
roughly assess the degree of flatness for the burn. A magnification of nine 
by the macro lens allows verification of whether the propellant burns In a 
clgaretla fashion with a horlsontal, flat burning surface. The degree of 
flatness can be vlsuslly assessed to within 0.15 mm. Neutral density filters 
and aperture control allow adjustment for the substantial variation In 
brightness for different propellents. Emission signals from the propellant 
sample ar« generally collected and focussed onto a 0.1 mm horlsontally 
oriented entrance silt by two convex lenses having a magnification of two. 
The resulting spstlal resolution Is nominally 0.1 mm full width at half 
maximum (FWHM). This resolution has been experimentally verified by recording 
the signal produced from various size Illuminated silts as a function of 
position. However, when a propellant Is combusting near Its deflagration 
limit In pressure there can be variations In emission intensity as well as 
movement of the flame front. This behavior degrades the spatial resolution. 
Various raonochromators have been used to disperse the emission signal onto an 
intensified linear photodlode array (Retlcon) and a computer is used for 
acquisition, manipulation, and storage of the optical dsta. Depending on 
circumstance, spectral resolution has varied from 0.03 to 0.3 nm. 

Monochromotor Shielding 

Reticon 

Detector Control 

and Computer 

Video Monitor 

Video Recorder 

j i     Filter    Camera 

H:::::"D:::ff=^ 

Figure I . Top View of Strand Burner and Associated Optical Systems 



Light produced from 1000 Watt Xenon or Xenon-mercury arc lamps was used 
for the absorption studies. The optical path Is shown on Figure 2. Two 20 cm 
convex lenses focus and recolllmate the light beam and two apertures and a 
0.15 nm plnhole confine the spatial resolution to approximately 0.1! mm In the 
burning direction. A 10 cm focal length cylindrical lens line focusses the 
light on a spectrometer entrance silt. The aperture between the propellent 
strand and the monochromator minimizes the collection of the emission 
signal. Aperture sizes between 0.5 and 1.0 mm were used to keep the emission 
signal levels to values such that errors In the absorption measurement would 
be less than 2% from this effect. For these absorption studies, a 0.3 m 
spectrometer with 2400 grooves per mm grating was operated both In first and 
second order giving a spectral resolution of 0.033 or 0.066 nm. This 
resolution accommodates a 6 nm band of light to be sampled at one time with 
the intensified photodlode array. Absorptions of Interest are much narrower 
than this 6 nm band; thus, both intensities of wavelengths which undergo 
absorption (I) and which do not (I0, at a slightly different wavelength) can 
be recorded simultaneously. 

Spectrometer 
Reticon 

Propellant 
Strand 

Xenon Arc 
Lamp 

Figure 2 . Optical Path for Absorption Experiments 

1 7 
Previously, emission and absorption experiments were conducted while 

the propellant burned through the sampling region. With this arrangement, 
data of marginal quality were collected for OH absorption in M-30 
propellant.  Increasing the time to collect data, hopefully Improving its 
quality, has been realized with the Incorporation of a propellant feed 
mechanism In the windowed strand burner. A sketch of this feed mechanism is 
shown on Figure 3. The mechanism is more rudimentary than previous fend 
mechanisms »  In several respects. First, the feed mechanism is not enclosed 
In the pressure vessel, but rather couples in linear motion by a drive shaft 
sealed with a plastic ferrule swage.  Second, the drive shaft is 
unidirectional during the experiment and the rate at which it moves is preset 
with a calibrated potentiometer rather than maintaining control with an 
optical feedback system. The rate at which the drive shaft moves Is set to be 
some fraction of the burn rate of the propellant.  For the experiments 
reported here this rate was typically 75% of the propellant burn rate which 
results In a factoi- of four Increase In data acquisition time. 
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Figure 3. Propellant Feed Mechanism and Ignition Diagram 

The following sequence of events would occur for a typical experimental 
run. After Installing the propellant sample and connecting the ignition wire, 
the strand burner is closed and pressurized. Next, the video recording system 
is turned on and propellant burning is Initiated by engaging the master 
switch. This master switch starts a time sequencer which turns on a power 
supply to heat the ignition wire.  Por the propellant feed experiments, the 
time sequencer also starts the propellant feed mechanism after a predetermined 
time delay. This time delay is normally used to also trigger the photodiode 
array which repetitively scans and resets many times while storing each of 
these scans into buffer memory. The total data accumulation time, as well as 
the time for each scan, can be varied over a wide range. Typical scan times 
ranged from 16 to SO ms and total data accumulation times were major fractions 
of the propellant sample burn times (5 to 15 s).  For each scan time (50 ms 
maximum), the burning propellant surface moves a negligible amount, about 
.025 mm. 

Two types of composite propellents have been experimentally studied and 
their composition and flame temperature are given in Table 1. These adiabatic 
flame temperatures were calculated for constant pressure conditions using the 
NASA-Lewis f.iermochemlcal equilibrium code.   Nitroguanidine is the main 
Ingredient in M-30 and it is crystalline. The crystals are rod like with 
diameters about 0.007 mm and length to diameter ratios of about 20. Ethyl 
centrallte is a long term stabilizer and sodium aluminum fluoride is a muzzle 
flash suppressant. HMX is the main ingredient in HMX1 propellant and it is 
crystalline consisting of a mixture of particles 20 |in in diameter and 200 w» 
in diameter. TMETN is an energetic plastlclzer and the polyester binder is 
inert. A methane/nitrous oxide prcmixed flame has been used extensively in 
this experimental work because, from previous experience, ^ it was known that 
this flame could readily provide high quality steady state spectra and rough 
signal strengths for the combustion species to be Investigated in the 
transient experiments on propellant samples. This premixed flame was 
supported on a small burner; a top view is shown on Figure 4a. A burner with 
a head diameter of 0.4 cm was chosen so that It would be similar to the 
absorption path lengths of the propellant samples (see Figures 4b and 4c). 
Long pathlengths are traditionally desirable for trace species since for small 



absorptions the absorption Increases proportionally with pathlength. However, 
in these studies, the overriding concern was to produce a horizontal burning 
surface; I.e., a surface which is parallel to the direction of the arc lamp 
light beam. Three propellent geometries have been investigated: cylinders, 
rectangular bars, and eight-sided bars. Snail diameter (u ,5b  cm) M-30 
propellent cylinders readily burned cigarette fashion with a horizontal 
surface as long as the ignition point was the center of the cylinder; see 
Figure 5a. Difficulties ware encountered when burning 1.25 cm diameter M-30 
propellent cylinders. Her«, non-horizontal burning frequently occurred and 
thus, these larger samples were not further studied. Problems were also 
encountered when burning the square cross section (0.65 cm on a side) bars of 
HMX1 propellent. The problem is visually depicted on Figure 5b where It Is 
shown that the corners of the propellent ere not et the seme level es the 
center portion. Cutting the HMX1 propellent ber to produce en eight sided 
cross section, shown on Figure 4d, minimized this problem, which Is believed 
to be due to edge cooling, but it also created enother problem. Up to this 
point, an inert gas flow around the propellant had been sufficient to 
meintein a cigarette fashion propellant bum (i.e., no coating of the sides 
with an inhibitor). Now, this freshly cut eight-sided HMX1 propellant strand 
burned down the side e substantial fraction of the time because of ignited 
surface particles fall down the sides of the propellant sample creating 
further ignition points. This problem has been removed by thinly coating the 
sides of these freshly cut samples with fingernail polish inhibitor. 

(b) 

(c) W) 

Figure 4.     Absorption Path  Lengths   for   the Various  Combustion  Systems 
Studied,    (a)   The hatched  area represents  a 0.A  cm diameter  for  the 

small  CH^/^O burner.     (b)  A diameter of O^")  cm  for  the  cylindrical 
sticks of  rf-30  propellant.    (c,d)  A path  length of 0.65 cm  for HMX1 

propellant. 

IV.     DATA  ANALYSIS 

In this  section,  working  equations are written down which can be  used  to 
extract  temperatures  and absolute concentrations  from experimental  emission 
and  absorption spectra.    Development and detailed  discussions of  thesn 
equations can be found elsewhere. 



Figure 5. (a) Photograph of M-30 Burning In 1.0 »a Nitrogen, 
(b) Photograph of HMXl Burning in 1.5 MPa Nitrogen. 



Assuming a Boltzmann distribution, vibrational and  rotational 
temperatures of an excited molecular  state can be computed   from measured 
emission Intensities.    The intensity of a spectral line in emission is given 
by 

^m " cl   SJ'JM  «Iv'v" vj.j" exP  l- F (TT + TT^     ' (1) 

K V 

where single and double prime refer to the upper and lower states, 
respectively. J and v are rotational and vibrational quantum numbers, 
respectively. C, Is a constant, SJI.H is the rotational line strength, qviv" 
is the Franck-Condon factor, Vjij" is the transition frequency and F and G are 
the term values for rotation and vibration, respectively. In this paper the 
vibrational temperatures (Tvi) have been calculated from the experimental data 
when the rotational contribution can he accounted for by a vibrational 
bandhead. The rotational temperatures (Tpi) are obtained by working within 
the v'-v'^O transition. Both Tv» and T^i could, with more extensive 
computations, be obtained from a single emission spectrum that covered several 
vibrational bands. 

Rotational temperatures for the molecular ground statp ^TD") can be 
determined from experimental absorption spectra and thesr» spectra are more 
likely to be described by a Boltzmann distribution than emission spectra. The 
Intensity of a spectral absorption line Is given by 

■ 

he   Fr     Gv" 
^bs" c2 Vr Vv VJ. exP [- IT ^ + T^1 (2) 

R"   v" 

where C2 Is a constant. A plot of In (1^3/SJ"J'
V
J"J'C'))   versus Fj- for 

various rotational transitions will produce a straight line of slope - hc/kT«- 
from which the rotational, temperature Is determined.  In the results section, 
temperatures are calculated from both emission ana absorption spectra of the 
OH molecule, and for th« ^e calculations, the effective rotational line 
strengths used were oht  ned from the Elnstoln B coefficients reported by 
Dimpfl and Kinsey  (se  "q. h)   which Includes n J dependence of the excited 
state lifetime, and henie. electronic transition strength. 

Absolute concentratl "is can he  determined from absorption spectra 
provided the temperature and certain molecular data are known.  The poak 
fractional absorption can be expressed as*" ' 

Io-I j 
tT~1pe«k"Z7    (ine  Kdv 0) 

0 

when the absorption is weak and the light source bandwidth is larger than the 
absorption line.  I0 Is the initial light source Intensity before passing 
through the sample region and I is the transmitted Intensity.  L Is the path 
length for absorption, L\>   la   the spectral bandwidth, and k  Is the absorption 
coefficient.  In terms of the molpcular parameters, the peak fractional 
absorption for a transition originating from a ground vibrational state Is 
written as 



1 I 'peaV. 
T 

ö*57 vJt VJ- 
(2r*l) «p[- ttj:(G(0) + v^ (4) 

where N. Is the total concentration of a particular molecule, QT Is the 
partition function, and Bj*jf are the Einstein coefficients of absorption 
(with units appropriate for radiation density). As stated earlier, the 
Einstein coefficients for OH came from Dlmpfl and Klnsey  and the transition 
frequencies for OH were obtained from Dieke and Crosswhlte.   Most often 
these B-coefflclents must be generated from published experimental radiative 
lifetimes (T) for various molecules. The Einstein A coefficient for 
spontaneous emission Is related to the lifetime as 

Vrr f l(29fl) gel 
aJ"J' 

rv j. (5) 
VJ' 

where 2SH Is the multiplicity of the state and ge»   Is the degeneracy of the 
upper electronic state.    The B coefficients are related to the A coefficients 
by 

»J-J1 
I 

8Rh> 
K2JM+l'    J'J" (6) 

J-J' 

B-coefflclents for NH and CN were generated in this manner for use In Eq. 4. 
The molecular parameters from Huber and Herzberg^o employed for determining 
the temperatures and concentrations are given In Table 2. The Franck-Condon 
factors and radiative lifetimes for NH33'34 and CN35*36 are also Included In 
Table 2. 

Table 2.    Molec tile Specific Parameters 

Species 
State A3!! 

NH 
x3r 

0H 

x2n *h xV 

«« (c-'1) 0.745 0.649 0.786 0.724 0.023 0.017 

f-e (cm-1) 16.675 16 .699 17.358 18.910 1.973 1.900 

to e (cm"1) 3231.2 3282.2 3178.8 3737.8 2163.9 2068.6 

»eXe (cm'1) 98.6 78.3 92.9 84.9 20.2 13.1 

^00 0.945 0.9086 

«Ul 0.936 0.7568 

T (ns) 418 

V. RESULTS 

60.7 

A.    Video 

Generally, the experimental data reported here have been collected in a 
temporal fashion and subsequently converted to a distance from the propellent 
surface. The necessary conversion Information Is a burn rate which can be 



determined from video recordings.    Burn rates for the two propellants under 
study hav    been obtained as a  function of nitrogen pressure and are displayed 
on Figure 6. 
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Figure 6.    A Comparison of Burn Rate Measurements as a  Function of 
Nitrogen Pressure for M-30 and HMX1  Propellants.    M-30 propellent 

(present data (B),  Miller (Q)).    HMX1   propellant (present data (A), 
Edwards (--—)). 

The present data (0) for M-30 propellant are in excellent agreement with 
Miller's data^ (D).  For HMXl, the present data (A) are ah.>ut 30% less than 
an average of measurements ( ) made by Edwards.   These data demonstrate 
that M-30 burns substantially faster than HMXl over this pressure range.  The 
vld' .) system provides other information as well.  For example, visible broad 
band emission was about five times larger for M-30 than for HMXl as determined 
from the amount of neutral density filtering placed in front of the video 
camera.  Larger amounts of sodium In M-30 may be responsible for this 
behavior.  Nonetheless, these results show. In most cases, the best signal to 
noise ratio data for both emission and absorption is from the HMXl propellant 
samples.  The nitrogen pressures and propellant geometries for which these 
experiments were conducted are close to the lower limit for Ignition and self 
sustained burning. These limits are approximately 0.3 MPa for M-30 and 0.4 
MPa for HMXl .  O'.sequently, It was not altogether surprising that the video 
recordings Indicated non-steady burning for HW1.  Initially the plan was to 
record HMXl data at 1.0 MPa since most of the M-30 data was for that 
pressure.  However, a nitrogen pressure of 1.5 MPa was required to reduce the 
cyclic attaching and lifting off of the HMXl luminous flame.  No photographic 
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indications of a dark zone were apparent for M-30 burning In 1 .0  MPa 
nitrogen.    The non-steady burning behavior of HMX1  rendered the video data 
ambiguous for evidence of a snail dark zone. 

B.    Emission 

Emission Intensity studies for electronic transitions In NH,  OH, and CN 
have been previously reported  for M-30 propellent.      Here, emission signals 
for HMX1   propellmt were large enough to allow simultaneous recording of NH, 
OH,  and  CN on the photodlode array detector.    These emission intensities as a 
function of wavelength for a Cfy/^O flame are displayed on Figure 7 where the 
transition regions are 309  ran  for OH (A2I+ ♦ XZII   (0,0)),  336 ran for NH (A3n - 
X3Z" (0,0)), and 359 nra for CN (B2E+ - X2Z+ (1,0)).    Emission  intensities of 
NH, OH,   and CN as a function of distance from the HMX1  propellent  surface are 
shown on Figure 8.    These intensities are determined from multiple emission 
spectra (similar to Figure 7)   taken at specified time intervals where this 
time has been transformed to distance via the burn rate measurement.    The 
exact  zero position for the propellent surface is somewhat arbitrary 
(estimated as 10.3 mm)  due  to the spatial resolution of the optical system, 
flatness of the burning surface,  and  the unsteady nature of  the  flame front. 
However,   the relative positions of  the NH, CN, and OH intensity profiles 
should be quite good since  these data were obtained simultaneously for each 
propellent sample.    A simple analysis of the data in Figure 8,  as well as data 
for a lower and a higher nitrogen pressure (not shown),  point out  that the NH 
and CN emission Intensities peak at  the same distance from the propellent 
surfece (~0.6 mm)  and  that  this position moves closer to  the propellent 
surface with Increesing pressure.    The emission Intensity for OH peeks ebout 
1 mm further from the propellent surface than either NH or CN end extends to 
much greeter distances from the propellent surfece.    This type of behavior is 
found  in many premlxed  laminar  flames.    The fluctuations  for the OH emission 
Intensity,  shown on Figure 8,  ere not due to slgnsl-to-noise problems, but 
rather due to fluctuetions of the  flame front on the burning propellent 
surfece.    Evidence for e fluctuating  flame front correlating with OH emission 
comes  from the video record  for the propellent burn. 

3200 

200 
3000 3600 3200 3400 

Wavelength (A) 

Figure 7.    Emission Intensity es e Function of Wavelength for e CHA/NOO 
Fleme.    The features aromd 3100A   ere from OH.    NH eppears at 3360A  and 

CN at 359nA. 
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Figure 8. Kralsslon Intensity Profiles as a Function of Distance from 
the Propellant Surface for HMX1 Burning In 1.5 MPa Nitrogen.  The solid 

line Is OH, the dotted line CN, and the dasheu line NH. 

Analogous to several other Investigations,15'21 negative results were 
obtained in the present study when looking for evidence of the formation of CH 
in M-30 and HMXI propellant flames.  Light emission from the A^A - X n system 
of CH is a structured signature that can uniquely Identify the CH molecule. 
An example spectrum obtained from a CHA^O flame is shown on Figure 9 where 
the (0,0) and (2,2) Q heads are at 4314 and 4324A , respectively. No signals 
of this nature were observed during the emission experiments on M-30 burning 
in 1.0 MPa nitrogen and HMXI burning in 1.5 MPa nitrogen.  In order to 
somewhat quantify these observations on CH, absorption measurements were also 
conducted. No evidence of absorption was observed in a CH^/NjO flame and an 
upper limit of 0.2%  was placed on the absorption. By analogy with CH 
concentration measurements made by Eckbreth, et al.,  an upper limit for CH 
concentration in the CH4/N20 flame was determined to be 30 ppm. No CH 
absorption could be identified in the combustion of either M-30 or HMXI and 
the upper limit for CH concentratlcn is also 30 ppm. 

C, is another transient diatomic species whose light emission from the 
d3!!  - a^Il  Swan system can readily be observed in a CH4/N20 flame.  During 
thegpropeli,ant studies, emissions of C2 were not observed and this result Is 
consistent with the observations of Edwards.15 No attempts have been made to 

quantify these observations. 

In propellant combustion diagnostics, one of the most important 
fundamental parameters to measure is the temperature profile.  These profiles 
are generally measured with fine wire thermocouples so that detailed 
temperature Information Is obtained in both the solid and gas phase. 
Unfortunately, part of the gas phase cannot usually be measured since most 
thermocouples burn out at temperatures substantially below the final flame 
temperature.  Both emission and absorption spectroscopy contain information 
from which temperatures can be calculated.  Emission spectroscopy can provide 
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excited electronic atete temperatures for both vlbrational and rotational 
■tatet (see Rq. 1). These temperatures, however, are only representative of 
the gas temperature if there Is thermal equilibrium in the excited state. An 
example that demonstrates an excited stete temperature much higher than the 
gas temperature Is found in the Clfy/^O flame. An emission spectrum of the CN 
violet system (B^E* - X2!*, Av - 0) is shown on Figure 10. The ratio of the 
bandhead intensities for the different vibrational bands give temperatures 
of ~4200 K for the (1,0/(0,0) ratio and ~5300 K for the (2,2)/(0,0) ratio. 
These values are almost double the adiabatic flame temperature, and thus moat 
certainly do not represent a true gas temperature. Other investigators3 have 
observed similar behsvior of CN* for various flame systems. Including 
CHA/N20.   The results of their studies indicate that the chemlluminescent 

reaction 

Cj* ■•■ NO ♦ CN* + CO (7) 

is responsible for producing excited CN.    Moreover they find  that increasing 
NO concentrations reduce CH*  and C2*  emission while CN*  and NH*  increase. 
These observations have a bearing on the differences seen in the emission 
spectra of the CH^/N-O flame and  the  two propellents investigated.    Not much 
NO is produced in '.he CHt/NoO flame and consequently CH*  and C2* emission is 
observed.    However, NO2 is  the main oxldizer for the propellent  flames 
studied,    NO2  is converted  reedily to NO which could explain the observence of 
CN*  end NH*,  but not C2* and CH*   in these  propellents. 

1E4 

35000 

4280 4330 

Wavelength (A) 

4380 

Figure 9.    Emission Intensity ss a Function of Wavelength for a CH4/N2O 
Flame.    The (0,0)  bandhead  for CH at 431AA   Is the moat  prominent   feature. 

*Molecule  in an excited electronic state. 
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Figure 10.    Emission Intensity as a Function of Wavelength for CN in a 
CHA/NSO Flame.     The Av-0 progression  for  the violet  system  is displayed. 
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Figure 11.    Emission Intensity as a Function of Wavelength  for CN in 
M-30  Burning  in 0.66 MPa Nitrogen.    Line-like   features  at  3860  and 

3886Ä   are  probably due  to an  iron  impurity. 

A CN violet system emission spectrum from M-30 
shown on  Figure  11.     Line  like  features  at 3860  and 
an iron impurity.    A temperature of 3000 K Is calcul 
emission intensity ratio and  this is again about 600 
pressure   thermochemical  equilibrium  temperature  calc 
evidence of  the excited  state production of  CN,  but 
nearly as  far  from  thermal  equilibrium  as  in  the  CH^ 
could  account  for  this differe'ice.    An obvious diffe 

burning  in   .66   MPa N,   is 
3886Ä  are believed due O 
ated  from  the  (l,l)/(0,0) 

K higher than a constant 
ulatlon.    Thus,   there  is 
the  temperatures are  not 
/NnO case.     Many  factors 
rence  is  the  possibility 
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of colllslonal relaxation coming fron pressure. An emission spectrum of CN 
taken for HMX1 burning In 1.0 MPa nitrogen Is shown on Figure 12. Also 
displayed for comparison Is an emission spectrum of a CH^/^O flame burning In 
room air. The wavelength region from 4150 to 4216A encompasses the CN violet 
system Av - -1 region, where Av - v'-v". A ratio of the bandhead vlbratlonal 
Intensities Indicates a temperature ot Tvi - 2800 K for HMX1 and a temperature 
again In excess of 4500 K for the CH^/NjO flame. The thermochemlcal 
equilibrium temperature for HMXl Is about 200 K below that computed from the 
CN spectrum In Figure 12, and this difference Is within the error of the 
experiment. Theue data supply some evidence that CN Is thermally 
equlllbrlated for these specific measurement conditions. However, this data 
should not be used on a stand alone basis for gas temperature. Other features 
shown on Figure 12 Include a calcium impurity peak at 4226A in the HMXl 
spectrum, as well as spectral evidence for the presence of CH in the CH^/^O 
I'lame and no evidence for the presence of CH in the HMXl flame. 

3500 

500 
4140 4240 

Wavelength (A) 
4340 

Figure 12. Emission Intensity as a Function of Wavelength Over CH and 
CN Emitting Regions. The solid line is for a CH^^O flame, while the 
dashed line represents emission from HMXl burning in 1.0 MPa nitrogen. 
The wa/elength region from 4150 to 4216A encompasses the Av-1 violet 
system of CN and the (0,0) Q bandhead for CH can readily be observed 

at 4314A. 

The 3360A system of NH (A3!! - X3Z", Av-0) can be readily observed in 
emission and example spectra for the atmospheric pressure CH4/N2O flame, HMXl 
burning in 1.5 MPa nitrogen and M-30 burning in 0.66 MPa nitrogen are shown on 
Figures 13, 14, and 15, respectively. A temperature Tvi again can be 
calculated from the ratio of the bandheads.  These values are 2350 K for the 
CH4/N20 flame, 2100 K for HMXl, and 2200 K for M-30. The O^/NoO flame 
temperature obtained in this manner is in excellent agreement with the 
temperatures derived from rotational ground state spectral data on OH (to be 
discussed).  Temperature values for the propellent flames are lower than the 
adlabatic equilibrium temperatures, but this may be due In large part to the 
experimental uncertainty involved with the smallness of the (1,1) bandhead 
signal at 337CA . 
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Figure 13. Emission Intensity as a Function of Wavelength for NH in 

a CH4/N20 Flame 
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Figure  14.    Emission  Intensity as a  Function of  Wavelength  for NH  in 
HMX1   Burning   in 1.5   MPa Nitrogen 
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Figure 15. Emission Intensity as a Function of Wavelength for NH in 
M-30 Burning in 0.66 MPa Nitrogen.  The feature at 3302A is from sodium. 

Under moderate resolution (0.3A) some well resolved rotational lines can 
be observed for the 3064A system (A2I+ - X2n , Av-0) of the OH molecule. 
Example emission spectra for a CH4/N2O flame and HMX1 burning in 1.5 MPa 
nitrogen are displayed on Figures 16 and 17, respectively. The signal-to- 
noise ratio for OH emission in M-30 was very poor and thus a representative 
spectrum is not shown. Emission intensity data of Figure 16 were used to 

generate Figure 18 where the In (lem^J'J*^ Cl^ ver8u8 Fj' l8 plotted yielding 
a temperature (TRi) of 2360 K ±130 K for the CH4/N2O flame. The six isolated 
OH lines used for temperature determinations for both emission and absorption 
are given in Table 3. Unfortunately, the OH signal from the HMX1 propellant 
was not sufficient for a well enough resolved spectrum to perform a similar 
temperature analysis (Figure 17).  It should be mentioned here that with 
either moderate improvement in signal detection or a mildly elaborate fitting 
program, it would be possible to perform temperature determinations on burning 
HMX1 from OH emission spectra. 

Table 3. OH Rotational Transitions for Computing Temperatures from 
Absorption and Emission Boltzmann Plots 

Transition 

V3) 

Q (5) 
Q(6) 
Q2a) 
0,(9) 

Energy (cm"1) 

289.1 
355.5 
5A4.1 
768.1 
1077.1 
1652.3 

Wavelength (A) 

3077 .03 
3083.28 
3085 .20 
3087 .34 
3094 .62 
3095.34 
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Figure 16.    Emission Intensity as a Function of Wavelength for OH in  a 
CHA/NOO  Flame.     The Q,   branch structure  between 3075  and 3087Ä   is 

well resolved. 
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Figure 17.     Emission Intensity as a Function of Wavelength for OH  in 
HMX1   Burning  in 1 .5   MPa  Nitrogen 
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Figure  18 .    A Boltzmann Plot of OH Emission  from a CH^/^O  Flame 
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Figure 19 . Absorption as a Function of Wavelength for OH In a CH^/^O Flame 

C. Absorption 

Quantitative combustion diagnostic Information can result from absorption 
measurements since they directly probe the ground state populations.  Both 
temperature and concentrations can be obtained from absorption spectra, an 
example of which Is displayed on Figure 19.  Figure 19 represents an OH 
absorption spectrum taken for the atmospheric pressure CHA/^O flame.  The 
same rotational transitions as used for emission were used to generate a plot 

of in (lab8^
sJ"J,vt'2^ ver8u8 Fj" which Is displayed on Figure 20. The 

resulting rotational ground state temperature (Tn") was determined to be 
2304 K ±190 K.  Of the spectroscoplc techniques reported here, these 
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rotational ground state temperatures are the closest approximation of 
translational temperatures, and in most cases are the same. 

fl 

£  1 " 

T«2304K 

500      1000 

Energy (cm-1) 

1500 

Figure 20. A Boltzmann Plot of OH Absorption from a CH^/^O Flame 

Summarizing the temperature information obtained from the three 
combustion systems studied the following has been observed. The best data, as 
one would expect, comes from the steady-state Dfy/^O flame calibration 
system. Here rotational emission and absorption spectra of OH and vibrational 
emission spectra of NH are all in excellent agreement. The rotational ground 
state temperature of T«» - 2304 K is taken as the best representation of the 
temperature. At moderate resolution, the signal-to-noise ratio was 
insufflcent to extract meaningful temperatures from the spectral data for 
either propellant. Although the concentrations that were computed from 
absorption spectra do not depend strongly on temperature over the r .nge 1400 K 
to 2600 K (see Figure 21), a rough temperature profile is required In order to 
generate a concentration profile. Such a profile can be constructed from 
available data found mainly in the literature.  Surface temperatures for 
burning composite propel! its similar to those studied here are taken to be in 
the neighborhood of 600 K. 

,9~'1»^  The final flame temperatures at constant 
pressure can be calculated by a thermochemical equilibrium code  (see Table 
1). Moreover, support for these equilibrium temperatures comes from some 
experimental data.  Stufflebeam and Eckbreth  have used CARS to measure 
tempe\atures as high as 2600 K in an HMX1 propellant burning In 2.3 MPa 
helium. Only a blackbody radiation estimate Is available for the flame 
temperature of M-30, however, the value of 2587 K^ is within a standard 
deviation of the equilibrium value. These temperature values fix the limits; 
it now remains to connect these limits. Taking into account some temperature- 

distance data of Kubota1  and preliminary thermocouple measurements ^ on M-30 
in 1 .0 MPa nitrogen, rough temperature profiles that have been applied to the 
present data of both M-30 and HMX1 are shown on Figure 22. Here the surface 
temperature is taken as 600 K and the Increase in temperature as a function of 
distance (to 0.5 mm) is sh'^Ti as linear. At distances of 0.5 ram and greater, 
the temperature is constant at the equilibrium value. 
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Figure 21.    Temperature  Dependence of  the Computed  Concentration for OH, 
NH,  and  CN When Using  the Particular  Sets of  Transitions Described 
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Figure 22.     Constructed  Temperature Profiles   for  H>K1  and  M-30 
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Figure 19 Is an example absorption spectrum from which absolute 
concentrations can be calculated through use of Eq. 4 if the temperature Is 
known.  In premlxed laminar CH^/^O flames, there Is evidence  '  that the 
transient species concentrations peak about where the flame temperature 
reaches its equilibrium value and thus 2304 K has been used to compute the 
flame concentrations. The largest absorption observed In the well resolved OH 
spectrum Is the Q2 bandhead at 3089.8A . Ten transitions within the spectral 
bandwidth of the monochromator contribute to this bandhead. They are given In 
Table 4 and Included In performing the OH concentration calculations described 
here. The spectrometer silt function is taken as triangular with a FWHM of 
0.033 nm and the molecular transitions are considered delta functions since 
their Individual bandwidth* are much less than the spectrometer or xenon arc 
lamp bandwldths. The computer program Integrates over the spectrometer 
bandwidth and calculates an OH concentration from an experimental absorption 
value. A value of 2.35 x 10*° molecules/cc (7400 ppra) was calculated as a 
peak OH concentration for the atmospheric pressure CH^/^O flame. A good 
example of OH spectra obtained for HMK1 propellent burning Is shown on Figure 
23. A comparison of Figures 19 and 23 dramatically Illustrates one of the 
disadvantages present when gathering transient burning data.  The CI-^/^O 
flame Is steady state and thus the spectra can be leisurely Improved by 
Increasing the data gathering time.  This Is not the situation for a burning 
propellent; consequently the data of Figure 23 were obtained in a one second 
tlmeframe while the data of Figure 19 were obtained In a 200 second 
tlmeframe. The spectrum of Figure 23 has sufficient features to uniquely 
Identify it as OH, but the slgnal-to-nolse ratio was not iufflclent to allow 
the spectral resolution displayed In Figure 19. Many spectra such as Figure 
23, together with the temperature profiles of Figure 22, are used to generate 
absolute OH concentrations as a function of distance from the propellent 
surface.  These profiles for M-30 burning In 1.0 MPa nitrogen and HMXI burning 
In 1.5 MPa nitrogen are shown on Figure 24. In both cases, the OH 
concentration rises abruptly and then falls off much more slowly than either 
NH or CN (shown later). This general behavior Is typical of many flame 
systems.  The data Indlt-ate that HMX1 combustion has more OH present than does 
M-30. OH concentrations are plotted out to a distance of 5 ram above the 
propellant surface. At these distances, flame shape (coning) can reduce the 
absorption path length (see for example Figure 5).  Significant differences 
between HM(1 and M-30 are shown In the video records of the propellant 
burns. At S mm from the propellant surface, the path length Is approximately 
linearly reduced by 25% for HMXl and a negligible amount for M-30.  This path 
length correction has been accounted for In Figure 24 and the peak and 
equilibrium concentrations for HMXl and M-30 are determined to be 1 .6 x 10 
molecules/cc (380 ppm) and 4.5 x 1015 molecules/cc (150 ppm) , respectively. 

Absolute concentrations for NH have been determined from the 336nA system 
absorption spectra (shown In emission on Figure 13).  These spectra obtained 
for a CH./^O flame, M-30 and HMXl are shown on Figures 25-27, respectively. 
The prominent faature Is the (0,0) absorption bandhead occurring at 3360Ä . 
Forty-eight transitions In this region were Included to determine the NH 
concentration from the observed absorption. The flame spectrum Is much better 
resolved than the propellant spectra.  From the 1.6% absorption displayed on 
Figure 25, a value of 1.7 x 101  molecules/cc (53 ppm) was computed for the 
absolute concentration of NH In an atmospheric pressure CH^/NoO flame. 
Absolute concentrations of NH as a function of distance from the propellant 
surface are shown for M-30 and HMXl on Figures 28 and 29, respectively. Thes«? 
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Table 4. OH Rotational Transitions for Computing Concentrations 
from Spectral Absorptions 

Transition 

Ql(7) 

Ql(7') 

Q2(2) 

02(2') 

Q2O) 

Q2(3') 

Q2(4') 

Q2<4> 

02(1') 

Q2(l) 

Wavelength 

3089 .73 

3089 .86 

3089 .86 

3089 .86 

3089 .86 

3089 .86 

3090 .27 

3090.36 

3090.45 

3090.47 

1.000 

s o 
c 

I 
i 

0.975 • 

0.950 
3060 3080 

Wovelength (A) 

3100 

Figure 23. Absorption as a Function of Wavelength for OH In HMX1 
Burning in 1 .5 MPa Nitrogen 
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Figure 24.    OH Concentration as a Function of Distance  from the 
Propellant  Surface for HMX1  at  1 .5  MPa Nitrogen (gg)   and  ^30 at 1 .0 MPa 

Nitrogen (|~|).    The horizontal extent of the boxes represents the 
spatial extent over which  the measurement  was averaged. 
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Figure 25.    Absorption as a  Functlori of Wavelength for NH in a  CH,/N Q  Flame 
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Figure 26.    Absorption as a Function of Wavelength for NH in M-30 Burning 
in I.0 MPa Nitrogen 
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Figure 27.    Absorption as a Function of Wavelength for NH in HMX1  Burning 
in 1.5 MPa Nitrogen 
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Figure 28. NH Concentration as a Function of Distance from the 
Propellant Surface for H-30 Burning In 1.0 MPa Nitrogen. The hatched 
squares are determined by using the constructed temperature profile. 

The open squares refer to concentration determinations using the 
adlabatlc flame temperature. 
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Figure 29.    NH Concentration as  a  Function of  Distance  from  the 
Propellant  Surface for HHX1   Burning  in 1.5  MPa Nitrogen.    The  squares 

have  the  same meaning as  In  Figure 28. 
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profiles have been generated from multiple spectra analogous to those of 
Figures 26 and 27. It is seen that NH Is much more position sensitive than OH 
as the NH has disappeared at distances larger than about 1 ram from the 
propellent surface. Probable Jitter of the flame front, together with the 
spatial resolution of the experiment, make It difficult to profile the build- 
up of the NH concentration In the HHX1 data, and here flame Jitter can be 
observed from the video records.  It has been demonstrated that there Is a 
temperature dependence In the absorption calculations (Reference Figure 21), 
and thus, to explicitly show variation of the absolute concentration with 
temperature, the concentration values of Figures 28, 29, and 33 were plotted 
using two different temperature profiles, A and B. Temperature profile A Is 
that of Figure 22 and Is denoted with a dark square, while temperature profile 
B Is a light square and represents an assumed constant temperature, the 
equilibrium flame temperature. At distances of about 0.2 mm and greater, 
these profiles merge. However the differences are not large at any point. 
Indicating a low sensitivity of the results to the assumed temperature 
profile. Maximum values for NH In M-30 are about 1.1 x 10 5 molecules/cc, 
however In terms of mole fraction there Is 20 ppm NH with temperature profile 
A and 36 ppm NH with temperature profile B. Maximum NH values for HMX1 , 
Figure 29, are not as obvious because there Is no Indication of Increasing NH 
values.  If 6 x 10  molecules/cc Is taken as the maximum value, then there 
are 5 ppm NH with terapeature profile A and 14 ppm NH with temperature profile 
B. There appears to be an abrupt factor of two decrease in NH concentration 
around 0.4 mm from Che propellent surface for both M-30 and HMX1. However, 
there is insufficient dsta to determine whether this feature is representative 
of the propellent flame profile or it comes about from path length variation 
caused by an unsteady flame front. 

Absorptions from the violet system of CN have been used to obtain CN 
concentrations in the three combustion systems studied. Example absorption 
spectra for the CH^/^O fleme, M-30 end HMX1 ere shown on Figures 30, 31, and 
32, respectively. The prominent features, Figure 30, are the (0,0) and (1,1) 
absorptions at 3883.4A and 3871.4A, respectively. An accumulation time of 200 
seconds was necessary to obtain the ebsorptlon of 0.7X et 3883.4A shown on 
Figure 30.  Sixty-four CN transitions from the (0,0) absorption bandhead were 
Included in the calculation of the CN concentration and a value of 6.0 x 10 
molecules/cc (19 ppm) was obtained for the CH^/NjO flame. Only the (0,0) 
absorption feature is obvious for the noisier propellant spectra, and there 
was insufficient signal to generate an M-30 propellant CN concentration 
profile. The absorption spectrum shown on Figure 31 is taken as the peak CN 
concentration occurring around 0.2 mm above the propellant surface. The 
computed concentration using temperature profile A is 5.4 x 10  molecules/cc 
(10 ppm) and 4.4 x 10  molecules/cc (13 ppm) if temperature profile B is 
used. Three CN concentration profiles for HMX1 have been generated from 
absorption spectra similar to Figure 32. These profiles, obtained under 
identical conditions, are shown on Figures 33-35, where it can be seen that CN 
occurs over a short spatial extent of about 0.3 mm. A general reproduclbillty 
is observed In the data at distances greater than 0.1 mm where concentration 
values range from 2-3 x 10  molecules/cc at about 0.2 mm from the propellant 
surface. A large variation in CN concentration values at distances less than 
about 0.1 mm from the propellant surface is indicated on Figure 33. This 
divergence Is due to the acute temperature sensitivity of this CN absorption 
at temperatures below 1500 K (see Figure 21). None of the CN profile data is 
sufficiently resolved to Indicate a rise in CN concentration, thus a peak 
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value Is uncertain. Nonetheless, with the present data for HMX1, a value of 5 
x 1014 molecules/cc has been estimated which Is similar to M-30. 
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Figure 30.    Absorption as a Function of Wavelength for CN In a Cfy/^O Flame 
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Figure 31 . Absorption as a Function of Wavelength for CN in M-30 
Burning in 1 .0 MPa Nitrogen 
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Figure 32. Absorption as a Function of Wavelength for CN In HNX1 
Burning In 1.5 MPa Nitrogen 
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Figure 33.    CN Concentration as a Function of  Distance from the 
Propellent  Surface for HMX1  Burning  In 1.5  MPa Nitrogen. 

The squares have the same meaning as In  Figure 28. 
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VI.  DISCUSSION AND SUMMARY 

One of the combustion systems studied was a premlxed laminar CH^/NoO 
flame burning In atmospheric pressure air. The primary purpose for probing 
this flame was to generate high quality, well understood spectra which would 
provide guidelines for Interpreting the much noisier propellent spectra. The 
CH/^/NoO flame has also been used to demonstrate various spectral techniques 
for obtaining a flame temperature. Here It was found that the emission 
spectroscopy of CN Indicated abnormally high temperatures. This example 
points out that Information from excited state species should be Interpreted 
with caution. A realistic flame temperature was determined from a rotational 
analysis of ground state OH spectra. This temperature was then used, for 
example. In the computations of absolute concentrations of OH, NH, and CN 
occurring In the CH^/^O flame.  These data, however, should not be cited as 
quantitative for two reasons.  First, the stolchlometry has not been monitored 
and small changes In this parameter can result In substantial concentration 
changes. Second, the absorption path length Is too small (I.e., the edge 
effects may not be negligible) for serious consideration when performing 
quantitative absorption measurements on premlxed laminar flames. 

Experimental difference can be seen when comparing the emission and 
absorption data for the HMX1 propellant combustion system.  It was determined 
that the emission intensities for NH and CN both peak around 0.6 mm from the 
propellant surface.  If the position of peak emission intensity Is Interpreted 
also as the position of maximum concentration, then the concentrations derived 
from the absorption data, Figures 29, 33-35, are at odds with the emission 
results. The absorption results indicate that the peak concentrations of NH 
and CN are closer to the propellant surface than Indicated by emission 
experiments. These results should be more reliable because the spatial 
resolution for absorption is defined by a colllmated light beam whereas for 
emission1 it is defined by collection optics. Consequently, for fluctuations 
in the propellant burning, the spatial resolution defined by a collection 
optic could be more susceptible to degradation. 

Absolute concentrations for OH, NH, and CN are reported in Table 5 for 
two propellant combustion systems: HMX1 and M-30. No other experimental data 
or detailed chemical model has been found for a direct comparison for these, 
or any similar, propellants. OH is discussed first since the experimental 
spatial resolution seems adequate to observe general features of the OH 
concentration profiles. Moreover, equilibrium concentrations can be computed 
for OH and they are Included in Table 5.  These OH equilibrium concentrations 
are higher than the experimentally determined concentrations for both HMX1 and 
M-30.  This means that the OH is not in equilibrium and/or the propellant gas 
temperature is below adiabatic.  If OH is not in equilibrium, higher 
concentrations are expected since OH always overshoot for this type of flanra 
system. Agreement can be made to occur between the equilibrium and 
experimental OH values by assuming that the propellant does not reach the 
adiabatic flame temperature. Both the equilibrium and experimental OH 
concentrations versus temperature are plotted for HMX1 and I+-30 on Figures 36 
and 37, respectively. The experimental curve was obtained by measuring the OH 
absorption occuring at about 1 mm from the propellant surface, and then 
computing the various concentrations that this absorption corresponded to 
assuming temperatures over the range of 2000 to 3000 K (the dashed line).  The 
equilibrium OH concentration was obtained by starting with the propellant 
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Figure 36.    Computed Mole Fraction OH as a Function of Assumed 
Temperature for HMX1  Burning In 1,5  MPa Nitrogen.    The solid line 

represents a thermochemlcal equilibrium calculation and the dashed line 
represents  the temperature dependence of the experimental OH determination. 

The adlabatlc flame temperature  Is 2617 K. 
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Figure 37.    Computed  Mole  Fraction OH as a  Function of Assumed 
Temperature for M-30 Burning in 1.0  MPa Nitrogen.    The lines have  the 

same meaning as  In  Figure 36.    The  adlabatlc  flame  temperature  is 2423 K. 
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ingredients and fixing the pressure to the experimental condition. The 
resulting curve as a function of temperature is shown as a solid line. It can 
be seen that the intersection of the curves on both Figures 36 and 37 fall 
below the adiabatic flame temperatures of 2617 K for HMXl and 2430 K for M-30. 

Table 5. Concentrations of OH, NH, and CN i n M-30 and HMXl 
Propellent Flames 

System T(K) P(MPa) OH(ppm) NH(ppm) CN(ppm) Source 

HMXl 2617 1.5 380 15* 12* Present Work 
HMXl 2617 1.5 1000 NASA-Lewis 
HMXl 2420 1.5 305 NASA-Lewis 
HMXl 2420 1.5 305 Present Work 
M-30 2423 1.0 150 40 15* Present Work 
M-30 2423 1.0 680 NASA-Lewis 
H-30 2170 1.0 120 NASA-Lewis 
M-30 2170 1.0 120 Present Work 

* Should not be considered maximum values. 

There are several mechanisms which can contribute to this intersection 
occurring at less than the adiabatic flame temperature. Experimental 
uncertainty exists in the determination of the OH concentrations. The main 
contributors to this uncertainty are the signal-to-noise ratio of the data, 
the absorption path length, and the spectrometer resolution. A factor of 2 is 
the overall estimate for experimental error. Nonetheless, if it is assumed 
that the OH concentrations are a factor of 2 larger, the intersection for HMXl 
Is 2550 K and for M-30 is 2270 K, both of which are still less than the 
adiabatic values. Radiative losses from the gas and the burning surface are 
less than a 50 K correction. There are also conductive and convective heat 
losses at the edges where a nitrogen shroud gas is flowing. These losses have 
not been quantified, however, visual evidence of this effect can be seen on 
Figure 5b. Here the corners of the HMXl propellent are not burning the same 
as the center portion of the propellent. It is conjectured that this is the 
dominant heat loss which is responsible for the propellent flame temperatures 
being about 200 K below the adiabatic values. 

The transient chemical species, NH and CN, occur over a much smaller 
spatial extent than does OH. For this reeson, effects such as non-horizontal 
burning and flame front fluctuations can be dramatic. In fact, there is 
enough scatter in the NH and CN data for HMXl that the Initial rise in 
concentration could not be determined. Hence, those concentrations reported 
in Table 5 should not be considered maximum values. Edwards  has performed 
laser Induced fluorescence measurements on CN in HMXl flames and reports a 
reaction zone thickness of about 0.4 mm. This result is consistent with the 
partial NH and CN profiles for HMXl reported here. A better profile has been 
obtained for NK in M-30 where the initial rise in concentration is observed. 
A maximum concentration of 40 ppm is determined at a distance of about 0.2 mm 
from the propellent surface. The experimental uncertainty of this profile 
should be similar to that of OH; a factor of 2. 
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In summary, these concentration profiles of OH, NH, and CN are the first 
to be reported for a propellent flame environment. The OH concentration 
profiles provide evidence that the propellent flame has heat loss which yields 
a flame temperature about 200 K below adlabatlc. The NH and CN species are 
very position sensitive, and thus, the spatial resolution of these profiles is 
poor. The biggest contributor to poor spatial resolution is from fluctuations 
of the flame front. 
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LIST OF ABBREVIATIONS,  ACRONYMS, AND SYMBOLS 

A - Angstrom 

AP - Ammonium perchlorate 

cc - Cubic centimeter 

cm - Centimeter 

E - Energy (erg) 

FWHM - Full width half maximum 

HMX - Cyclotetramethylenetetranitramine 

HMX1 - Nltramine propellent composed mainly of HMX 

K - Kelvin 

LIF - Laser induced fluorescence 

m - Meter 

mm - Millimeter 

MPa - Mega Pascal 

ms - Millisecond 

M-30 - Triple base propellent composed mainly of nitroguanidine 

NC -Nitrocellulose 

NO - Nitroglycerin 

nm - Nanometer 

NASA-Lewis - Thermochemical equilibrium computer code 

ppm - Part per million 

RIXC - Cydotrimethylenetrlnitramine 

TMETN - Trimethylolethanetrinitrate 

T - Temperature (K) 

s -  Second 

jjm - Micrometer 

ATiT» - Einstein coefficient for spontaneous emission from level J1 

B 

J»J" - Einstein coefficient for spontane« 
to level J" where Ej»  > Ej» (s-1) 

J»JI - Einstein coefficient for absorption in terms of spectral 
radiation energy densities (cnr/s^erg) 

SjHji - Rotational line strength for a transition from J"  to J1 

VJHJ, - Transition frequency for e trensition from J"   to J' 

qv"vi - Franck-Condon factor 

ae, Be, (i>e, UgXe " Molecular constants for the equilibrium position 

c - Speed of light (cm/s) 

Cp  C2 - Constants 
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LIST OF ABBREVIATIONS, ACRONYMS,  AND SYMBOLS (CONT'D) 

F (J) - Rotational terra energy for level J (cm-1) 

6 (v) - Vlbratlonal terra energy for level v (cm    ) 

g - Electronic degeneracy 

h - Planck's constant (erg-s) 

I0 - Spectral Intensity before entering absorbing medium 
(erg/cnr-cra^-s-steradlan) 

I -  Spectral Intensity after traversing path length L through 
the absorbing medium (erg/cm2-cm~1-8-8teradian) 

Iem - Emission Intensity 

Iabg - Absorption Intensity 

J - Rotational quantum number 

k - Boltzmann constant (erg/k) 

k - Spectral absorption coefficient (cm    ) 

Lv - Spectral slit width (cm-1) 

L - Path length (cm) 

N™ - Number density (cm"3) 

QT - Partition function 

T - Lifetime (s) 
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